Estrogen sulfotransferase catalyzes the sulfoconjugation and deactivation of estrogens. Previously, we showed that loss of Est in male ob/ob mice, but not in female ob/ob mice, exacerbated the diabetic phenotype, but the underlying mechanism was unclear. In this study, we show that transgenic reconstitution of Est in the adipose tissue, but not in the liver, attenuated diabetic phenotype in Est-deficient ob/ob mice (obe mice). Mechanistically, adipose reconstitution of Est in obe mice (oae mice) resulted in reduced local and systemic inflammation, improved insulin sensitivity, and increased energy expenditure. At the molecular level, adipose induction of lipocalin-2 (Lcn2) in oae males may have contributed to the inhibition of inflammation because the level of Lcn2 was negatively associated with tumor necrosis factor (Tnf) a expression, and treatment of differentiated adipocytes with Lcn2 antagonized Tnfa-responsive inhibition of insulin signaling. The metabolic benefit of adipose reconstitution of Est was sex specific, because adipose reconstitution of Est in obe females had little effect. Interestingly, despite their improved metabolic functions, obe male mice with reconstituted Est in their adipose tissue failed to ameliorate the impairment of the structure and function of the pancreatic islets. In summary, our study uncovers a crucial adipose-and male-specific role of Est in maintaining the whole-body energy homeostasis. (Endocrinology 158: 4093-4104, 2017) O besity is often associated with a low-grade inflammation in obese subjects or animals (1, 2). It has been suggested that this low-grade inflammation contributes to the development of peripheral insulin resistance (3), as well as damage to the pancreatic b cells (4). The white adipose tissue is a major source of proinflammatory cytokines in obesity (5).
O besity is often associated with a low-grade inflammation in obese subjects or animals (1, 2) . It has been suggested that this low-grade inflammation contributes to the development of peripheral insulin resistance (3), as well as damage to the pancreatic b cells (4) . The white adipose tissue is a major source of proinflammatory cytokines in obesity (5) .
The adipose tissue is also a key action site of estrogens, which have important roles in the control of energy balance and glucose homeostasis through multiple mechanisms (6) . Although inactivation of estrogen receptor a in mice was associated with obesity and metabolic dysfunction in both sexes (7) , the estrogen action in energy metabolism is better understood in women and female rodents (8) (9) (10) (11) . Men and male mice have lower levels of circulating estrogens than premenopausal women and cycling female mice, respectively. It has been reported that treatment of male mice with estrogens improves metabolic functions under obesity or aging conditions (12, 13) . It is believed that the estrogen effect on metabolic function largely depends on the magnitude of estrogen stimulation. For example, high levels of estrogens in pregnant women may trigger the repression of muscular GLUT4, an insulin-responsive glucose uptake transporter, therefore contributing to insulin resistance in pregnancy (14) . The tissue specificity of estrogen action is also important. For example, treatment of high-fat diet (HFD)-fed female mice with estradiol increased the expression of proinflammatory cytokines, such as interleukin 6 (Il-6) and tumor necrosis factor (Tnf) a, in the liver and visceral fat (15) .
The estrogen sulfotransferase (Est or Sult1e1) plays an important role in regulating the tissue and systemic estrogen activity. Sulfoconjugation inactivates estrogens because the sulfonated estrogens cannot bind to the estrogen receptors and they are more susceptible to urinary excretion (16) . The expression of Est exhibits both tissue and sex specificity. Liver has a low basal expression of Est, but the hepatic expression of Est is highly induced in the ob/ob, db/db, and HFD-induced obese mice (17) . In male mice, the expression of Est is high in the white adipose tissue (WAT) and testis. The WAT expression of Est ensures a sufficient deactivation of estrogens in males, whereas the testicular expression of Est protects the male reproductive system from estrogen toxicity (18) .
We have previously explored the role of Est in obesity and type 2 diabetes. Est oblation in ob/ob mice produced a sex-specific metabolic effect. Specifically, female Est-deficient ob/ob mice (obe mice) exhibited improved metabolic function, most likely due to their increased hepatic estrogen activity as a result of decreased estrogen deactivation. The improved metabolic function in obe females was not unexpected because increased hepatic estrogen activity is known to be protective by suppressing hepatic gluconeogenesis and lipogenesis and by increasing hepatic insulin sensitivity (6) . In contrast, the male obe mice showed an exacerbated diabetic phenotype, which was reasoned to be due to the loss of the pancreatic b cell mass and adipose inflammation (19) . However, the mechanism by which obe males have worsened metabolic phenotype remains to be better defined. Specifically, because the male mice have a high level of Est expression in the WAT, but a low basal and high inducible expression of Est in the liver, we want to know whether it is the loss of Est in WAT or liver that is responsible for the worsened metabolic function in obe males.
In this study, by using transgenic reconstitution of Est in the adipose tissue or liver of the obe mice, we demonstrated that the Est expression in the adipose tissue, but not in the liver, is essential to protect mice from systemic and local inflammation and metabolic syndrome in a male-specific manner.
Research Design and Methods

Mice
Mice with adipose reconstitution of Est in Est-deficient ob/ ob mice (oae mice) were generated by crossing the obe mice (19) with the aP2-Est transgenic mice that express Est in the adipose tissue under the control of the aP2 gene promoter (20) . The resulting oae mice bear the expression of Est in the adipose tissue in the background of obe. Est-deficient ob/ob mice with transgenic reconstitution of Est in liver (ole mice) were generated by crossing the obe mice with the Lap-Est transgenic mice that express Est in the liver under the control of the liverenriched activator protein (Lap) gene promoter (21) . The resulting ole mice bear the expression of Est in the liver in the background of obe. All animals were maintained on the C57BL/ 6J background. Mice were maintained on normal chow diet. The animal body composition was analyzed by using a magnetic resonance imaging system (EchoMRI, Houston, TX).
Study approval
The Central Animal Facility of the University of Pittsburgh is fully accredited by American Association of Laboratory Animal Care. All procedures were performed in accordance with relevant federal guidelines and with the approval of the University of Pittsburgh Institutional Animal Care and Use Committee.
Glucose tolerance test, insulin tolerance test, glucose-stimulated insulin secretion test, and homeostatic model assessment
Glucose tolerance test (GTT) was performed on 14-to 16-week-old mice after an overnight fasting. Animals received an intraperitoneal injection of D-glucose at the dose of 1 g/kg body weight. Insulin tolerance test (ITT) was performed on 14-to 16-week-old mice after a 6-hour fasting. Animals received an intraperitoneal injection of insulin at the dose of 0.75 U/kg body weight, as we have previously described (22) . For glucose-stimulated insulin secretion (GSIS) tests, an additional 20 mL blood was collected by tail bleeding at 0, 30, 60, and 90 minutes during GTT for the measurement of plasma insulin levels. Homeostatic model assessment for insulin resistance (HOMA-IR) and for b cell function were calculated using the following formulas: insulin resistance = [fasting insulin (mU/mL)] 3 [fasting glucose level (mg/dL)]/405; and b cell function (%) = [360 3 fasting insulin (mU/mL)]/[fasting glucose level (mg/dL)] 2 63], as previously described (23) .
Acute insulin sensitivity test
Overnight fasted 16-week-old male mice received an intraperitoneal injection of insulin (0.75 U/kg; Novolin) from Novo Nordisk (Princeton, NJ). Mice were euthanized and tissues were collected 17 minutes after the insulin injection.
Isolation of mouse pancreatic islets
Mice were euthanized and pancreatic intraductal perfusion was performed by using 3 mL cold Hank's buffer containing 1.95 mg/mL fresh collagenase (Sigma-Aldrich, St. Louis, MO). The perfused pancreas was then used for islet isolation, as we have previously described (24) .
Serum and liver biochemistry
Serum levels of estradiol were measured by Ligand Assay and Analysis Core Laboratory, Center for Research in Reproduction, University of Virginia (Charlottesville, VA). The serum levels of total triglyceride cholesterol, alanine transaminase, aspartate transaminase (Stanbio Laboratory, Boerne, TX), and insulin (Crystal Chem, Downers Grove, IL) were measured by using commercial assay kits. Liver lipids were extracted using the chloroform/methanol Folch method (25) before being measured for the triglyceride levels.
Histology and Oil Red O staining
The general histology was evaluated by hematoxylin and eosin (H&E) staining. Immunostaining for Cd68 and insulin was performed on paraffin sections. For the Oil Red O staining, liver tissues were dehydrated in 30% sucrose solution, embedded in optimal cutting temperature compound, sectioned using cryostat, and stained with Oil Red O (0.5% in isopropanol) from Sigma-Aldrich.
Real-time polymerase chain reaction, Northern blot, and Western blot analysis Total RNA was extracted using the TRIzol reagent from Invitrogen (Carlsbad, CA). Real-time polymerase chain reaction (PCR) was performed using SYBR Green reagent from Applied Biosystems (Foster City, CA) with the ABI 7300 Real-Time PCR System. Cyclophilin was used as the internal control. Northern blotting and hybridization using 32 P-labeled cDNA probe was performed, as previously described (26) . For Western blot analysis, 30 mg protein from tissue lysates was separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred onto polyvinylidene difluoride membrane. The primary antibodies used include the following: anti-Sult1e1 (Est) (catalogue 12522-1-AP) from Proteintech (Rosemont, IL); anti-Cd68 (catalogue sc7084) from Santa Cruz (Dallas, TX); anti-lipocalin-2 (Lcn2) (catalogue MAB1857-SP) from R&D Systems (Minneapolis, MN); anti-total Akt (catalogue 9727), anti-phospho-Akt (serine 473) (catalogue 9271), anti-insulin (catalogue C27C9), and anti-a-tubulin (catalogue 2144) from Cell Signaling (Beverly, MA); and anti-b-actin (catalogue A1978) from Sigma-Aldrich.
3T3-L1 cell culture, differentiation, and treatment
The 3T3-L1 cells were grown in Dulbecco's modified Eagle medium (DMEM; Thermo Fisher Scientific, Cleveland, OH) with 10% fetal bovine serum (FBS) and penicillin/streptomycin until confluency. The cells were then treated with DMEM containing 10% FBS, 1 mM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 1.6 mM insulin. After 48 hours of incubation, the medium was replaced with DMEM supplemented with 1.6 mM insulin. On day 6 of the differentiation, the medium was replaced with DMEM with 1% FBS and vehicle, or 500 ng/mL recombinant mouse Lcn2 (R&D Systems; catalogue 1857-LC-050). After overnight incubation, cells were treated in four ways: (1) vehicle; (2) recombinant mouse 1 ng/mL Tnfa (Abcam, Cambridge, MA; catalogue ab9740); (3) 450 ng/mL Lcn2 (previously pretreated with Lcn2); and (4) 1 ng/mL Tnfa + 450 ng/mL Lcn2 (previously pretreated with Lcn2) for 24 hours. After this time, 1 mM insulin was added to the medium, and cells were harvested within 10 minutes. These experiments were repeated three times for reproducibility.
Statistics
GraphPad Prism software (GraphPad, Inc., San Diego, CA) was used for statistical analysis. The unpaired Student t test was performed. Statistical significance threshold was set at P , 0.05. Data represent mean 6 standard deviation. The islet, immunostaining for insulin and Cd68, and the crownlike structure areas were quantified by using the ImageJ software from National Institutes of Health (Bethesda, MD).
Results
Transgenic reconstitution of Est in the adipose tissue and liver of the obe mice
We have previously reported that ob/ob mice show a liver-specific induction of Est in both sexes. Interestingly, Est oblation in ob/ob mice produced a metabolic effect in a sex-specific manner. Specifically, male ob/ob mice deficient of Est (i.e., the obe mice), but not their female counterparts, exhibited exacerbated diabetic phenotype, including the adipose inflammation and loss of pancreatic b cell mass (19) . Est is expressed in both the adipose tissue and liver. We have previously reported the creation and characterization of tetracycline-inducible transgenic mice overexpressing Est in the adipose tissue under the control of the aP2 gene promoter (20) , or in the liver under the control of the liver-enriched activator protein (Lap) gene promoter (21) . To define the tissue-specific role of Est in energy homeostasis and as outlined in Fig. 1A , we cross the obe mice with the aP2-Est or Lap-Est transgenic mice to generate the oae and ole mice that bear the reconstitution of Est in the adipose tissue and liver in the background of obe, respectively. The expression of the Est transgene in WAT of oae mice was confirmed at messenger RNA (mRNA) level by real-time PCR (data not shown) and Western blotting (Fig. 1B) , respectively. In the oae mice, the Est transgene was similarly expressed in the WAT in both male and female mice (Fig. 1B) . The protein expression of the Est transgene in the liver of ole mice was also confirmed by Western blotting (Fig. 1C) . At the protein level, the WAT expression of the transgenic Est in the oae mice (Fig. 1B) and liver expression of the transgenic Est in the ole mice (Fig. 1C) were comparable to that observed in their counterpart tissues in the ob/ob mice. The tissue specificity of the transgene expression was also verified by Western blotting, as the protein expression of Est was not detectable in the liver and skeletal muscle of the oae mice (Fig. 1B) , or in the WAT and skeletal muscle of the ole mice (Fig. 1C) .
Adipose reconstitution of Est improves the metabolic function of obe mice in a male-specific manner
Compared with the obe males, although the aP2-Est transgene had little effect on the body weight and body composition ( Fig. 2A) , the oae male mice showed improved metabolic function, including increased/ normalized rectal temperature (Fig. 2B ), decreased hepatic steatosis as shown by Oil Red O staining (Fig. 2C ), measurement of liver triglyceride level (Fig. 2D) , and liver to body weight ratio (Fig. 2E) . The alleviation of hepatic steatosis in oae males was consistent with the pattern of hepatic gene expression that included the suppression of lipogenic genes and induction of genes involved in fatty acid oxidation and triglyceride secretion (Fig. 2F) . Metabolic cage analysis showed that the oae male mice had a modest, but significant increase of oxygen consumption during the dark phase (Fig. 2G) . Additionally, the brown adipose tissue in oae males showed less whitening of the brown fat (Fig. 2H ) and higher expression of Elovl3 and Elovl6, two probrowning transcription factors (27) (Fig. 2I) . The serum biochemistry profile was also improved in the oae males, including the decreased fasting serum levels of glucose and insulin (Table 1) . However, the serum levels of triglycerides, cholesterol, alanine transaminase, aspartate transaminase, and estradiol were not significantly affected by the transgene (Table 1) . Interestingly, the metabolic benefit seen in the oae mice was male specific, because the aP2-Est transgene had little effect on the body weight and composition (Supplemental Fig. 1A) , rectal temperature (Supplemental Fig. 1B ), liver to body weight ratio (Supplemental Fig. 1C) , and oxygen consumption (Supplemental Fig. 1D ) in female mice.
Adipose reconstitution of Est improves the glucose tolerance and insulin sensitivity of obe mice in a male-specific manner
In addition to their decreased fasting serum insulin level (Table 1) , the oae males also showed improved performance in the GTT (Fig. 3A) and ITT (Fig. 3B ) compared with the obe males. The HOMA-IR, an index to assess insulin resistance, was also decreased in oae males (Fig. 3C ). To directly assess the insulin sensitivity in peripheral tissues, obe and oae males were injected with insulin or phosphate-buffered saline. Tissues were harvested and assessed for the phosphorylation of Akt (protein kinase B) by Western blotting. The WAT and liver of obe males showed a high basal phosphorylation of Akt, but they lacked the insulin response, indicating insulin resistance (Fig. 3D) . In contrast, the WAT and liver of oae males showed low basal, but higher insulin-stimulated Akt phosphorylation, which was suggestive of a higher insulin sensitivity in these two tissues (Fig. 3D) . The pattern of Akt phosphorylation in the skeletal muscle showed no difference between these two genotypes, but the expression of muscular glucose uptake transporter Glut4 was highly upregulated in oae males (Fig. 3E) . Again, the metabolic benefit seen in the oae mice was male specific. The aP2-Est transgene had little effect on GTT (Supplemental Fig. 2A ), ITT (Supplemental Fig. 2B) , and HOMA-IR (Supplemental Fig. 2C ) in oae female mice.
Adipose reconstitution of Est in obe mice attenuates adipose and systemic inflammation in a male-specific manner Obesity is commonly associated with chronic and lowgrade inflammation primarily originated from the excess of adipose tissue, which often leads to elevated circulating levels of proinflammatory cytokines such as Il-6 and Tnfa (28) . In our previous report, we attributed the worsened metabolic function of obe males to increased WAT inflammation (19) . We then analyzed the WAT local and systemic inflammation to determine whether the attenuation of inflammation can explain the improved metabolic function in oae male mice. The weight of the visceral fat was not affected by the aP2-Est transgene (Fig. 4A) , which was consistent with the unchanged serum level of adiponectin (Table 1) and WAT mRNA expression of adiponectin (data not shown). Histological analysis by H&E staining showed that the oae male mice showed a substantially reduced number and size of the crownlike structures compared with the obe males (Fig. 4B) . Interestingly, the size of adipocytes in the visceral fat of oae mice appeared to be larger than that of the obe mice (Fig. 4C) , the mechanism of which remains to be understood. Reduced infiltration of macrophages in the WAT of oae males was confirmed by immunostaining for Cd68 (Fig. 4D) . The serum levels of Il-6 and Tnfa were also significantly reduced in the oae males (Fig. 4E) . The attenuation of WAT and systemic inflammation was consistent with the reduced expression of several macrophage marker genes (F4/80 and Cd68) and inflammatory marker genes (Il-6, Tnfa, Il-1b, and Mcp1) in the visceral fat (Fig. 4F) . The attenuation of WAT local and systemic inflammation in oae mice was again male specific, because the aP2-Est transgene had little effect on the crownlike structure (Supplemental Fig. 3A) , or the circulating levels of Il-6 and Tnfa (Supplemental Fig. 3B ) in female mice. Results are presented as mean 6 standard deviation. obe, n = 7 to 8; oae, n = 6 to 8.
Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase. a P , 0.01; comparisons are between the two genotypes.
b P , 0.05; comparisons are between the two genotypes. Because a primary function of Est is to sulfonate and deactivate estrogens, and estrogens are generally known to have anti-inflammatory activity (29, 30), we went on to determine whether the aP2-Est transgene affected systemic or WAT local estrogen activities. The serum level of estradiol (17b-E 2 ) in oae males tended to be lower, but the difference did not reach a statistical significance (Table 1) . When the expression of estrogenresponsive genes in the visceral fat was measured, we found the expression of genes that are positively regulated by estrogens, such as the heat shock protein, was decreased in oae mice compared with obe mice. In contrast, the expression of genes known to be suppressed by estrogens, such as the cell death activator CIDE-A and Lcn2, was significantly increased in oae mice (Fig. 4G) . These results suggested that the aP2-Est transgene inhibited estrogen activity in the adipose tissue.
The reduced WAT local and systemic inflammation in oae males may have been accounted for by the upregulation of Lcn2
Lcn2, a glycoprotein mainly secreted by the adipose tissue and bone (31) , has been assigned to multiple pathophysiological roles (32) . Lcn2 was proposed as an inflammatory marker induced primarily by Tnfa and other proinflammatory cytokines (33) . However, to our surprise, the visceral WAT of oae males was found to express a higher mRNA level of Lcn2 compared with the obe mice (Figs. 4F and 5A ). The increased expression of Lcn2 at the protein level was verified by immunohistochemistry on visceral WAT (Fig. 5B) and by Western blotting on the serum (Fig. 5C) . The induction of Lcn2 was consistent with the notion that the expression of Lcn2 can be suppressed by estrogens (34) , so the increased deactivation of estrogen in oae mice caused a desuppression of Lcn2 in the adipose tissue. The induction of Lcn2 was both WAT specific and male specific because the liver expression of Lcn2 was comparable between the obe and oae males (Fig. 5D) , and the aP2-Est transgene had little effect on the adipose expression of Lcn2 in oae females (Supplemental Fig. 4) . In contrast to the notion that Lcn2 might be an inflammatory marker, we found a striking negative association between the WAT expression of Lcn2 and Tnfa (Fig. 5E ), suggesting that Lcn2 might actually antagonize Tnfa as part of a negative feedback loop. Indeed, treatment of differentiated 3T3-L1 cells with Lcn2 attenuated the Tnfa-responsive suppression of insulin signaling, including the expression of insulinresponsive genes such as Srbep-1c and Fas (Fig. 5F ) and phosphorylation of Akt (Fig. 5G) . We speculate that the induction of Lcn2 in oae males may have contributed to the reduced levels of systemic Tnfa and Il-6 and subsequently improved insulin sensitivity in peripheral tissues. The expression of Glut4 in the skeletal muscle of male obe and oae mice was measured by real-time PCR. n = 6. *P , 0.05; **P , 0.01; ***P , 0.001.
Adipose reconstitution of Est fails to rescue the pancreatic b cell damage in obe males
Having shown the improved metabolic function in oae males, we were surprised to find that the compromised structure and function of pancreatic islets were not rescued in oae mice. Compared with the obe mice, the oae mice showed little improvement in the GSIS test (Fig. 6A) , the calculated index of b cell function (Fig. 6B) , and the histology of the pancreatic islets as evaluated by H&E staining and immunostaining of insulin (Fig. 6C) . The pancreatic immunostaining of Cd68 showed a trend of decreased Cd68 immunostaining in oae mice, but the difference was not statistically significant (Fig. 6D) . It was noted that the Cd68 immunostaining was mostly present in the pancreatic acinar cells, but not within the islets regardless of the mouse genotype. The pancreatic islets isolated from wild-type mice showed no detectable expression of Est at the mRNA level, as shown by Northern blotting (Fig. 6E) and real-time PCR (data not shown), or at the protein level, as shown by Western blotting (Fig. 6F) . Adipose reconstitution of Est also had little effect on the structure and function of pancreatic islets in oae female mice (data not shown).
Liver reconstitution of Est fails to ameliorate inflammation and diabetic phenotype in obe male mice
Although the expression of Est was markedly induced in ob/ob mice (19) , reconstitution of Est in the liver of obe mice by the Lap-Est transgene (ole mice) failed to improve the metabolic function. Specifically, the ole mice did not show improvement in GTT (Fig. 7A) and GSIS (Fig. 7B) tests. The lack of effect of the Lap-Est transgene on GSIS was supported by the unchanged histology of the pancreatic islets (Fig. 7C) . When inflammation was analyzed, we observed no attenuation of inflammation in the visceral WAT, as indicated by the density of the crownlike structures (Fig. 7D) . The serum levels of Il-6 and Tnfa The serum levels of Il-6 and Tnfa in male obe and oae mice were measured by ELISA. (F and G) The expression of (F) inflammatory marker genes and (G) estrogen-responsive genes in the visceral fat of male mice was measured by real-time PCR. n = 7. *P , 0.05; **P , 0.01.
were also not affected by the Lap-Est transgene (Fig. 7E) . Liver reconstitution of Est in ole females also had little effect on the metabolic function (data not shown).
Discussion
Estrogens exert their biological effects on human or animal bodies far beyond serving as sex hormones (21, 35, 36) . The roles of estrogens in maintaining metabolic homeostasis are significant, but not fully understood (6) . One of the challenges in deciphering the role of estrogens in energy homeostasis is the sex-specific effect of estrogens on metabolism, obesity, and immune responses (29, 37) .
In this study, we discovered that the expression and activity of Est specifically in the male white adipose tissue are essential for metabolic homeostasis under the obese condition. Reconstitution of Est in the adipose tissue of Est-deficient ob/ob (obe) male mice improved metabolic function, most likely as a result of attenuated WAT local and systemic inflammation, as well as improved insulin sensitivity in peripheral tissue. The reduced insulin resistance in oae mice was consistent with the attenuated fasting hyperinsulinemia in this genotype (Table 1) . This is a surprising result considering that Est is an estrogendeactivating enzyme, and estrogens have been suggested to protect humans and animals from insulin resistance, elevated inflammation, and other metabolic complications associated with obesity (12, 13, 35, 38) . This surprising result may be explained by the tissue-specific expression of Est as well as the tissue-specific action of estrogens. The basal expression of Est in the adipose tissue of male mice is markedly higher than the female mice, which turns out to be essential in maintaining energy homeostasis, because Est ablation in ob/ob males worsened the metabolic phenotype. In contrast, the basal adipose expression of Est is low in female mice, and, as a result, Est ablation in this tissue did not produce the same metabolic effect as in males. The perceived metabolic benefit of estrogens is also not without controversy. In humans, the high levels of estrogens in pregnant women are believed to have contributed to insulin resistance and gestational diabetes through estrogen's suppression of GLUT4 in the skeletal muscle (14) . In addition, despite their attenuated insulin resistance, the E 2 -treated HFDfed female mice showed an increased expression of proinflammatory cytokines Il-6 and Tnfa in their visceral fat (15) . Although these reports were somewhat contradictory to the notion that estrogens have an overall anti-inflammatory effect (30), they were consistent with our observation that the WAT of oae males showed decreased estrogen activity and attenuated inflammation.
We cannot exclude the possibility that reconstitution of Est in the adipose tissue of oae males attenuated WAT inflammation in an estrogen-independent manner. Based on our results, another possible mechanism to explain the improved metabolic function in oae males is Lcn2-induced attenuation of proinflammatory signaling in WAT. The role of Lcn2 in diabetes and inflammation has been controversial (32, 33, 39) . When the Lcn2 2/2 mice were challenged with lipopolysaccharide or concavalin A, they showed more injury than the wild-type mice, including elevated levels of Il-b, Tnfa, and Il-6 (40). These results suggested that Lcn2 may have an anti-inflammatory role in vivo, instead of being an inflammatory marker as suggested in an earlier study (33) . The notion that Lcn2 may have an anti-inflammatory activity was consistent with our observation that the reduced WAT local and systemic inflammation in oae mice was associated with the upregulation of Lcn2 in a male-specific manner. The involvement of Lcn2 in thermoregulation (41) is also consistent with the phenotype observed in our oae male mice. Another intriguing finding is the lack of metabolic effect when the expression of Est was reconstituted to the liver. The expression of Est in the liver is low, but the hepatic expression of Est was highly induced in ob/ob mice and in several other mouse models of obesity and type 2 diabetes (17) . The lack of metabolic phenotype change in ole mice of either sex suggested that it was the loss of Est in extrahepatic tissues that was responsible for the metabolic phenotype of obe mice. Based on our current results, this extrahepatic tissue is the white adipose tissue in male mice because reconstitution of Est in the adipose tissue improved the metabolic function of obe males. The extrahepatic tissue responsible for the improved metabolic function in obe females remains to be defined.
The third surprising finding is that, despite their improved overall metabolic function, the oae males were not rescued from the loss of b cell mass. Chronic inflammation is known to play a pathological role in metabolic disease, including its role in compromising the structure and function of b cells (4) . Meanwhile, activation of the estrogen receptor has been reported to reduce lipid synthesis and prevent lipotoxicity, oxidative stress, and apoptosis in pancreatic islets and prevent b cell failure in rodent models of type 2 diabetes (38, 42) . Apparently, attenuation of WAT local and systemic inflammation in our oae males was not sufficient to recover the b cell mass. Adipose reconstitution of Est did not affect the circulating level of estrogen in a significant manner, so the lack of rescue cannot be explained by the estrogens either. The lack of detectable expression of Est in pancreatic islets excluded the possibility that the loss of b cell mass in obe and oae mice was due to the loss of Est in situ. We conclude that the attenuation of local and systemic inflammation improved the metabolic function of oae males in a b cell-independent manner. Indeed, the improved insulin sensitivity in peripheral tissues may have benefited from the attenuation of inflammation, as suggested by the literature (43) . In summary, our current study has uncovered a function of adipose Est in preventing WAT inflammation and maintaining whole-body energy homeostasis in a male-specific manner. Our results also suggested that the expression of Est in the adipose tissue or liver is not responsible for the structural and functional integrity of the pancreatic islets under metabolic stress.
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